Individual and genetic task specialisation in policing behaviour in the European honeybee by Ernst, Uli et al.
lable at ScienceDirect
Animal Behaviour 128 (2017) 95e102Contents lists avaiAnimal Behaviour
journal homepage: www.elsevier .com/locate/anbehavIndividual and genetic task specialization in policing behaviour in the
European honeybee
Ulrich R. Ernst a, b, *, Dries Cardoen a, b, 1, Vincent Cornette a, 2, Francis L. W. Ratnieks c,
Dirk C. de Graaf d, Liliane Schoofs a, Peter Verleyen a, 1, Tom Wenseleers b
a Research Group of Functional Genomics and Proteomics, Department of Biology, KU Leuven, Belgium
b Laboratory of Socioecology and Social Evolution, Department of Biology, KU Leuven, Belgium
c Laboratory of Apiculture and Social Insects, School of Life Sciences, University of Sussex, Falmer, U.K.
d Laboratory of Molecular Entomology and Bee Pathology, Department of Biochemistry and Microbiology, Ghent University, Ghent, Belgiuma r t i c l e i n f o
Article history:
Received 26 October 2016
Initial acceptance 8 December 2016
Final acceptance 13 March 2017
MS. number: 16-00943R
Keywords:
conﬂict resolution
division of labour
honeybees
patriline
reproductive conﬂict
social insects
worker policing* Correspondence: U. R. Ernst, Research group o
Proteomics, Department of Biology, KU Leuven, Naa
3000 Leuven, Belgium.
E-mail address: Uli.Ernst@bio.kuleuven.be (U. R. E
1 Present address: Toxikon, Romeinse straat 12, 30
2 Present address: Covance Clinical & Periapproval
1200 Sint-Lambrechts-Woluwe, Belgium.
http://dx.doi.org/10.1016/j.anbehav.2017.04.005
0003-3472/© 2017 The Association for the Study of ACooperation in biological systems is frequently maintained by social enforcement mechanisms, where
individually egoistic and group-costly behaviour is mutually suppressed by other group members. One of
the best examples in nature is worker policing in the honeybee, Apis mellifera, where workers selectively
remove or ‘police’ eggs laid by workers that egoistically try to produce their own offspring instead of
working for the good of the colony. It has long been suggested that worker policing behaviour should be
genetically determined, as theory has shown that queen polyandry in the honeybee would be expected
to give rise to clear indirect genetic or ‘inclusive ﬁtness’ beneﬁts of worker policing, thereby causing
genes for policing to spread in the population. In the present study, we tested the theory that worker
policing should have a genetic component by determining whether workers belonging to different
patrilines, derived from different fathers, differ in their tendency to police eggs. This analysis showed
that variation in policing behaviour indeed has a genetic basis, with the trait having an estimated broad-
sense heritability of 0.25 ([0.013e0.46] 95% conﬁdence limits). In addition, there was clear individual
specialization in policing, as just a few individuals within each patriline were observed to police.
Remarkably though, there was no evidence for age specialization, as workers of all ages, except those
younger than 10 days and older than ca. 40 days, engaged in policing. This contrasts with most other
behaviours in the honeybee, which usually follow a strict age-linked pattern of division of labour. Overall,
we conclude that worker policing behaviour in the honeybee is genetically heritable and that workers of
all ages engage in policing to help maintain the social order in the colony.
© 2017 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.In the evolution of life on earth, natural selection has resulted in
several so-called ‘major transitions in evolution’, where previously
independently reproducing units teamed up, in some cases even
giving rise to ‘obligate cooperation’, where the higher entities lost
the ability to reproduce without the help of their subunits Bourke,
2011; Maynard Smith & Szathmary, 1995). Examples include the
cooperation between previously independently reproducing bac-
teria in the origin of the eukaryotic cell, the joining up of cells in thef Functional Genomics and
msestraat 59, PO Box 2465,
rnst).
01 Heverlee, Belgium.
Services, Marcel Thirylaan 77,
nimal Behaviour. Published by Elsorigin of multicellular organisms, and the cooperation between
individuals in highly advanced societies, such as those of the social
insects (Maynard Smith & Szathmary, 1995; Queller & Strassmann,
2009). The long-termmaintenance of cooperation in these systems,
however, frequently requires social coercion and mutual policing
mechanisms in order to suppress conﬂict caused by the expression
of individually selﬁsh but group-costly behaviour (Frank, 2003;
Rainey & De Monte, 2014; Ratnieks, Foster, & Wenseleers, 2006;
Ratnieks & Wenseleers, 2008).
A prime example of such conﬂict-reducing policing behaviour
occurs in several independently evolved lineages of social insects,
including honeybees, ants, wasps and bumblebees, and is known as
‘worker policing’. Worker policing is the behaviour where workers
selectively destroy eggs laid by ‘rogue’ workers that, instead of
helping to rear the queen's brood, decide to try to reproduce by
depositing unfertilized, male-destined eggs (Ratnieks & Visscher,evier Ltd. All rights reserved.
U. R. Ernst et al. / Animal Behaviour 128 (2017) 95e102961989; Wenseleers & Ratnieks, 2006a). Worker reproduction can be
in the genetic interests of individual workers, as each is more
related to its own sons (r ¼ 0.5) than to the sons of the queen
(brothers, r ¼ 0.25) (Ratnieks et al., 2006; Wenseleers, Helantera,
Hart, & Ratnieks, 2004). Yet, theory also predicts that collective
workers' interests should frequently oppose such individually
egoistic behaviour, and that workers can be selected to try to pre-
vent other workers from reproducing, either by attacking workers
with developed ovaries (e.g. Dampney, Barron, & Oldroyd, 2002;
Visscher & Dukas, 1995) or by eating eggs laid by other workers
(reviewed in Wenseleers & Ratnieks, 2006a).
The reasons that worker policing behaviour can be selected for
are varied, and at a theoretical level this behaviour can be caused by
worker reproduction resulting in too many males being reared
(Foster & Ratnieks, 2001b), worker male production being traded
off against long-term colony growth, (Ohtsuki & Tsuji, 2009;
Ratnieks, 1988; Wenseleers, Helantera, Alves, Duenez-Guzman, &
Pamilo, 2013), reproductive workers working at a reduced rate
(Dampney, Barron, & Oldroyd, 2004; Wenseleers, Helentra et al.,
2004; but see Naeger, Peso, Even, Barron, & Robinson, 2013),
worker-laid eggs being less viable than queen-laid ones (Pirk,
Neumann, Hepburn, Moritz, & Tautz, 2004; but see Beekman &
Oldroyd, 2005; Helanter€a, Toﬁlski, Wenseleers, & Ratnieks, 2006),
workers obtaining direct reproductive beneﬁts from policing
(‘selﬁsh worker policing’, Bonckaert et al., 2011; Saigo & Tsuchida,
2004; Stroeymeyt, Brunner, & Heinze, 2007; Wenseleers, Toﬁlski,
& Ratnieks, 2005), worker policing being targeted against geneti-
cally unrelatedworker reproductive parasites (Beekman&Oldroyd,
2008; Pirk, Neumann, & Hepburn, 2007; Zanette et al., 2012), or
workers obtaining indirect genetic beneﬁts if the colony kin
structure is such that workers are less related to the sons of other
workers (nephews) than to the sons of the queen (brothers)
(Ratnieks, 1988; Starr, 1984; Wenseleers & Ratnieks, 2006a;
Wenseleers, Toﬁlski et al., 2005).
This last theory, which is based on the presence of indirect ge-
netic or ‘inclusive ﬁtness’ beneﬁts (Hamilton,1964) and is known as
the relatedness theory of worker policing, has perhaps received
most attention, and applies when themother queen ismated to two
or more males or when the colony is headed by several related
queens (Ratnieks & Wenseleers, 2008). The classic example is the
honeybee, Apis mellifera, where queens mate with about 10 males,
which causes workers to be genetically more related to the queen's
sons (brothers, r ¼ 0.25) than to the sons of other workers (a mix of
full- and half-nephews, r ¼ 0.15) and where, as predicted, workers
effectively police any eggs laid by other workers (Ratnieks &
Visscher, 1989) or attack workers with developed ovaries
(Dampney et al., 2002; Visscher & Dukas, 1995). Similar behaviour
has been observed in many other social insect species, including in
ants (e.g. D'Ettorre, Heinze,& Ratnieks, 2004; Dijkstra, van Zweden,
Dirchsen,&Boomsma, 2010; vanZweden, Fürst, Heinze,&D'Ettorre,
2007), wasps (e.g. Bonckaert et al., 2008; Foster & Ratnieks, 2001a;
Oi et al., 2015; Wenseleers, Toﬁlski et al., 2005), bumblebees
(Zanette et al., 2012) and Asian honeybees, Apis cerana (e.g. Oldroyd
et al., 2001), and, as predicted, has been shown to be dispropor-
tionately common in species in which collective relatedness dis-
favours worker reproduction (Wenseleers & Ratnieks, 2006a).
Effective policing has also been shown to act as a deterrent against
attempting to reproduce (Wenseleers, Hart, & Ratnieks, 2004;
Wenseleers, Helentra et al., 2004; Wenseleers & Ratnieks, 2006b).
In the honeybee, for example, more than 98% of all worker-laid eggs
are eaten by other workers (Ratnieks & Visscher, 1989) and, conse-
quently, only about one in 10 000 workers develop their ovaries in
the presence of the queen (Ratnieks, 1993).
Although worker policing behaviour in the honeybee is cited in
all major behavioural ecology textbooks as providing classicsupport for the theory of inclusive ﬁtness (Davies, Krebs, & West,
2012; Dugatkin, 2009), and the logic that a gene for worker
policing would be expected to spread in honeybee populations due
to indirect genetic beneﬁts is undeniable, it remains entirely un-
tested to what extent policing behaviour does indeed have a
genetically heritable basis. In fact, hardly any detailed observational
studies have been published about honeybee policing behaviour.
This contrasts with the detailed and generally available knowledge
about division of labour in the honeybeewhich appears to be partly
genetically based and partly linked to age (‘age polyethism’; e.g.
Calderone & Page, 1988; Hunt, Page, Fondrk, & Dullum, 1995;
Johnson, 2010; Oldroyd & Thompson, 2006; Oxley, Spivak, &
Oldroyd, 2010; Robinson, 1992; Robinson & Page, 1989; Seeley,
1995; Smith, Toth, Suarez, & Robinson, 2008; Winston, 1987). In
the honeybee, genetic control typically expresses itself in large
differences between patrilines in the degree to which workers
engage in carrying out a particular task (Calderone & Page, 1988;
Oldroyd & Fewell, 2007; Oldroyd & Thompson, 2006), which has,
for example, been shown in the context of specialization in pollen
versus nectar foraging (e.g. Hellmich, Kulincevic, & Rothenbuhler,
1985), undertaking and guarding (e.g. Robinson & Page, 1988;
Trumbo, Huang, & Robinson, 1997) or hygienic behaviour towards
dead brood (e.g. Pernal, Sewalem, & Melathopoulos, 2012).
The aim of this study was two-fold. First, we carried out detailed
behavioural observations of honeybee policing behaviour using a
newly developed observation hive set-up and quantiﬁed the degree
to which policing behaviour varies across different patrilines. In
this way, we were able to infer whether honeybee policing is
indeed partly genetically heritable (Ratnieks, 1988). Second, we
determined whether, within each patriline, individual workers also
specialize in carrying out policing behaviour, and whether, as is
generally the case for other tasks in honeybees (Seeley, 1982), the
expression of policing behaviour is restricted to a particular age
cohort. Previously, individual task specialization in policing has
been demonstrated in only a handful of species (in the ants
Pachycondyla inversa (van Zweden et al., 2007) and Platythyrea
punctata (Barth, Kellner, & Heinze, 2010) and the vespine wasp
Dolichovespula norwegica (Bonckaert et al., 2011), but age speciali-
zation has not been investigated in any of these. Finally, we linked
the results we obtained to adaptive theories on optimal task allo-
cation and division of labour in insect societies (Duarte, Weissing,
Pen, & Keller, 2011; Goldsby, Dornhaus, Kerr, & Ofria, 2012).
METHODS
Observation Hive Set-up
Experiments were performed at the beekeeping facility of the
University of Ghent (Belgium) in 2009 and were then replicated
once more at the beekeeping facility of the KU Leuven (Belgium) in
2010. Below, we refer to these colonies as colonies 1 and 2. In each
year, a colony of A. m. carnica with a naturally mated queen was
housed in a three-frame observation hive kept inside at room
temperature (Fig. 1a). The observation hive was connected to the
outside via a plastic tube to allow bees to forage freely. The queen
was not restricted in any way, but brood was removed regularly
before bees emerged. Each day, we marked 100 newly emerged
bees individually using a combination of numbered bee tags
(Opalithpl€attchen, Graze, Weinheim, Germany, and Ewa Pod-
lewska, Fabianki, Poland) and acrylic paint marks on their abdo-
mens (Amsterdam All Acrylics, standard series, Royal Talens,
Apeldoorn, The Netherlands, and deco craft, Lefranc& Bourgeois, Le
Mans, France). These bees were offspring of an unrelated, naturally
mated queen and were obtained by placing a sealed brood comb in
an incubator at 34 C under high relative humidity, after which all
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Figure 1. Observation hive set-up used to observe worker policing behaviour in the European honeybee. (a) An introduction cage was used to introduce individually marked
workers. (b) A piece of experimental comb with alternating rows of queen-laid and worker-laid eggs was put in the middle frame to allow us to observe and videotape worker
policing behaviour by the individually marked workers. (c) Policing of eggs could be observed directly in the videos and was apparent from the much longer time it took for workers
to police eggs compared to merely inspecting cells (inset, means, 95% conﬁdence limits and P values based on a gamma GLMM).
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overnight in a chamber placed on top of the observation hive,
which was separated by a wire mesh from the inside, to allow bees
to acquire the host colony's odour (Seeley, 1995), and were allowed
to enter the colony the next day. By continuing this procedure for
several weeks before and throughout the experiment, we ended up
with observation hives in which virtually all bees were individually
labelled and of known age.
Observation of Policing Behaviour
To observe policing behaviour, we carried out several repeated
policing trials of 2 h each per observation colony until we had data
on policing behaviour by ca. 20 individually marked workers per
colony (Fig. 2; total number of trials ¼ 3 and 11 for colonies 1 and 2,
respectively, carried out over a period of at most 2 weeks apart). At
the start of each trial, we transferred worker-laid eggs (N ¼ 33e69
per trial) and queen-laid eggs (N ¼ 33e69 per trial) using modiﬁed
Taber forceps (Taber, 1961) into alternating rows of a piece of
experimental comb (ca. 9.5  7 cm2) that was built by bees against
a glass plate, thereby allowing for the easy observation of worker
egg removal. This experimental combwas placed in the observation
hive close to the brood, to allow bees of all ages easy access to the
eggs (Fig. 1). Queen-laid eggs and worker-laid eggs were obtained
from several unrelated queenless and queenright colonies. Subse-
quently, during each trial, bee behaviour was recorded for 2 h with
a high-deﬁnition camera (Panasonic HDC-HS 300K) and videos
were analysed in detail to determine the identity and age of allworkers that policed eggs. During the analyses of the recordings,
observers were ignorant of egg source (worker-laid eggs versus
queen-laid eggs) and age of the workers. Descriptive data on the
time required to inspect empty cells, inspect cells with eggs or
police eggs were obtained from ﬁve trials carried out using the
colony from 2009, and the durations were compared using a
gamma generalized linear mixed model (GLMM) and Tukey post
hoc tests, with individual coded as a random factor, type of event
coded as a ﬁxed factor and bee age included as a covariate. These
analyses were performed using packages lme4 and multcomp in R
version 3.3.2 (The R Foundation for Statistical Computing, Vienna,
Austria, http://www.r-project.org; see Supplementary material 1).
Microsatellite Genotyping
To quantify between-patriline variation in policing behaviour
and estimate the heritability of the trait, at the end of the experi-
ment we collected all bees that had been observed policing (N ¼ 18
and 26 for colonies 1 and 2) as well as a random set of control bees
that had been observed at least 10 times in our videos but which
had never been observed to police eggs (N ¼ 184 and 152 for col-
onies 1 and 2) and assigned them to particular father lines using
microsatellite genotyping. To this end, the colony in the observation
hive was anaesthetized with CO2 after which the DNA of the
identiﬁed policing and nonpolicing bees was extracted following a
modiﬁed Chelex-method (Walsh, Metzger, & Higuchi, 1991) in
which a hind leg was crushed with a pestle in liquid nitrogen,
200 ml of a hot Chelex 100 suspension (10%, Biorad) was added,
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quently, samples were centrifuged for 10 min at 13000 relative
centrifugal force. Eight microsatellite loci were ampliﬁed in two
multiplex reactions using primers targeting four loci each (set 1:
loci Am005, Am43, Am56, Am107; set 2: Am46, Am59, Am98,
Am125, Solignac et al., 2003), using 0.2 mM ﬁnal concentration for
each of the primers. PCR reactions were performed using a touch-
down programme in 10 ml volumes, using 5 ml master mix (Qia-
gen multiplex PCR kit), 3 ml milliQ water, 1 ml primer mix and 1 ml
crude DNA-extract. Primers were ﬂuorescently labelled with VIC,
PET, NED and FAM (Applied Biosystems, Foster City, CA, U.S.A.). PCR
conditions for the ﬁrst multiplex reaction were as follows: initial
denaturation at 95 C for 15 min; 10 cycles of 30 s at 94 C, 90 s at
60 C and 90 s at 72 C, whereby the annealing temperature was
reduced by 0.2 C at each cycle; 25 cycles of 30 s at 94 C, 90 s at
58 C, 90 s at 72 C; a ﬁnal extension of 10 min at 72 C. The second
multiplex reaction was similar, except that the annealing temper-
ature decreased from 62 C to 60 C in the ﬁrst 10 cycles, and was
set to 60 C for the next 25 cycles. PCR products of the two multi-
plex reactions were run together on an ABI-3130 Avant capillary
sequencer by mixing 1 ml of each PCR reaction, 7.8 ml formamide
and 0.2 ml Genescan 500 LIZ size standard (Applied Biosystems) and
were analysed using the GeneMapper software (Applied Bio-
systems). Patrilines were assigned manually. We estimated the
nonsampling error (NSE, i.e. the probability of missing a patriline
because it was not sampled) and the nondetection error (NDE, i.e.
the probability of missing a patriline because it was indistin-
guishable from another patriline with the markers used) following
Boomsma and Ratnieks (1996). More speciﬁcally, NSE ¼ ð1 pÞn
with n ¼ sample size and p ¼ proportion of workers sired by the
undetected male, and NDE ¼
Yk
j
Xk
i
ðqiÞ2 with qi ¼ the proportionof the ith allele of the jth genetic marker. Following Starr (1984), we
estimated the effective paternity as Me ¼ 1=
Pk
i p
2
i with pi ¼ the
proportion of the workers genotyped derived from the ith father.
Tests for Genetic and Individual Specialization in Policing Behaviour
Genetic patriline specialization in policing behaviour was tested
in two ways. First, we used two-way Fisher's exact tests to compare
the distribution of the total number of eggs eaten by bees belonging
to different patrilines across all trials with the patriline distribution
of the genotyped nonpolicing control workers (Fig. 2). Second,
more formally, we estimated the signiﬁcance of the between-
patriline variation in the numbers of workers of different patri-
lines that were observed to police based on a nested binomial
GLMM with patriline nested within colony, after which the signif-
icance of the between-patriline variation was evaluated on the
basis of a likelihood ratio test. From this model, we were then able
to formally infer the broad-sense heritability of policing behaviour
as twice the intraclass correlation coefﬁcient (ICC), where the ICC
was given as the between-patriline variance in ovary activation
divided by the sum of the between-patriline variance, the between-
colony variance and the error variance, which in a logistic GLMM is
equal to p2/3 (Bargum, Boomsma, & Sundstr€om, 2004; Snijders &
Bosker, 2012). The 95% conﬁdence limits on the heritability were
calculated using parametric bootstrapping with the lme4 bootMer
function in R. Individual specialization in policing behaviour was
assessed based on the signiﬁcance of the variationwithin patrilines
for individuals to police eggs, evaluated using a likelihood ratio test.
This analysis was performed using a binomial GLMM, ﬁtted using
lme4, in which we analysed the proportion of eggs eaten by a
particular individual within each trial out of all eggs eaten by
known and genotyped individuals, coding colony, patriline, trial
and individual as nested random effects. Age specialization was
evaluated graphically by plotting the age distributions of policing
and nonpolicing control workers (summing data from individuals
that policed in different trials), and comparing the observed age
ranges to those that have been reported for other types of tasks
carried out inside honeybee colonies (Winston, 1987).
RESULTS
Description of Policing Behaviour
Policing behaviour was readily observed from the disappear-
ance of eggs in our videos as well as from the fact that the policing
of eggs took signiﬁcantly longer than inspecting cells with eggs that
were not policed or inspecting empty cells (Fig. 1c; gamma GLMM
with Tukey post hoc tests: duration to police an egg versus not
policing it: z ¼ 3.76, P < 0.001; duration to police an egg versus
inspecting an empty cell: z ¼ 5.90, P < 0.001; see Supplementary
material 2). Bee age did not affect the duration to inspect cells or
police eggs (GLMM: t ¼ 1.21, P ¼ 0.23). As expected, policing was
signiﬁcantly directed against worker-laid eggs, even if some queen-
laid eggs could also be removed by mistake (cf. K€archer& Ratnieks,
2014; Ratnieks & Visscher, 1989; colony 1: 77/330 queen-laid eggs
versus 15/330 worker-laid eggs survived after 12e24 h; two-tailed
Fisher's exact test: P ¼ 1.14  1012; colony 2: 250/477 worker-laid
eggs were removed within 2 h versus 164/485 queen-laid eggs;
two-tailed Fisher's exact test: P ¼ 6.27  109). At the individual
level, most bees removed both worker-laid eggs and queen-laid
eggs. However, as reported earlier (Ratnieks, 1990), eggs were
often not removed on the ﬁrst visit to the cell.
Bees that removed eggs usually entered a cell with their head
and thorax. Bees did not always immediately back out of the cell
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another 20 s. On three occasions, two workers removed eggs with
their head hardly inserted into the cell. Probably, the bees reached
the egg using their tongue, and then transported it to their mouth.
Bees that ate an egg sometimes cleaned their tongue and/or
antennae afterwards but more often they moved directly into an
adjacent cell. Occasionally, bees rotated inside a cell (ca. 180, rarely
360 or more), yet this was observed with and without egg
removal. Most of the time, bees kept their wings folded back; in
rare instances, bees entered cells with their wings half open. Oc-
casionally, their hind legs did not grasp the comb but rather hung
loosely when entering a cell. On one occasion, a worker licked the
base of the cell around the egg, occasionally touching the egg with
her forehead, but without removing the egg. Another worker
worked on the wall of a cell before ﬁnally removing an egg. In rare
cases, egg removal could be very fast (<2 s), and one worker was
observed to remove three eggs in only 24 s, spending 2, 3 and 7 s in
the cells. Conversely, bees sometimes also remained in cells after
they had removed an egg. Thus, the variance within and between
workers was high.
Over the course of the experiments (total observation time:
28 h), no worker was observed laying eggs, which is to be expected
given that in the honeybee, only ca. one in 10 000 workers develop
their ovaries in the presence of the queen (Ratnieks, 1993). We can
therefore safely conclude that policing behaviour was not aimed at
obtaining direct reproductive beneﬁts.
Genetic Patriline Specialization in Policing
We detected eight patrilines in colony 1 and seven in colony 2
and effective paternities,Me, were 5.88 and 4.17, respectively, which
is similar to the reported averages for honeybees (Tarpy, Nielsen, &
Nielsen, 2004). The nonsampling error for a patriline contributing
10%, 5% or 1% to the worker population in our colonies was
5.71  1010, 3.16  105 and 0.13, respectively, in 2009 (N ¼ 202),
and 7.16  109, 1.08  104 and 0.17, respectively, in 2010
(N ¼ 178). The nondetection error was 0.0097 in 2009 and 0.0015 in
2010. As expected if variation in policing behaviour is genetically
heritable, there was a signiﬁcant difference between the distribu-
tion of the number of eggs policed by workers belonging to
different patrilines and the background patriline distribution in the
colony among nonpolicing workers (Fig. 2; two-tailed Fisher's exact
tests: P ¼ 1.95  105 and P < 2.20  1016 for colonies 1 and 2; see
Supplementary material 3). By contrast, there was no signiﬁcant
difference between the distribution of the number of eggs policed
and the patriline distribution of the genotyped policing workers
(Fig. 2; two-tailed Fisher's exact tests: P ¼ 0.18 and P ¼ 0.30 for
colonies 1 and 2). A more formal binomial GLMM analysis of the
proportion of genotyped workers that were observed to police eggs
across the different patrilines in both colonies conﬁrmed that there
was highly signiﬁcant between-patriline variation in the tendency
for bees of the different patrilines to engage in policing (likelihood
ratio test: c2 ¼ 11.70, P ¼ 0.0006), resulting in a broad-sense heri-
tability of the trait of 0.25 ([0.013, 0.46] 95% conﬁdence limits).
Individual Specialization in Policing
Our second binomial GLMM, in which we analysed quantitative
variation in the proportion of eggs that were eaten by each worker
out of all eggs eaten by genotyped individuals in each trial, showed
that, in addition to signiﬁcant patriline variation (likelihood ratio
test: c2 ¼ 1582.7, P < 2.20  1016), there was also signiﬁcant
between-individual variation in the number of eggs policed by
different individuals within each patriline (likelihood ratio test:
c2 ¼ 1433.6, P < 2.20  1016). In colony 1, for example, onlybetween one and three workers were observed policing eggs
within each patriline, whereas in colony 2 between 0 and 19 in-
dividual workers were seen to police eggs across the different
patrilines (Fig. 2; see Supplementary material 4). Hence, both ge-
netic patriline and individual specialization in policing co-occur
with each other.
Age Proﬁle of Policing Workers
In 2009, bees that policed eggs were on average 22.9 (SD 7.3)
days old (N ¼ 36, range 10e34 days), whereas control nonpolicing
bees were on average 25.2 (SD 7.7) days old (N ¼ 183, range 3e45
days). In 2010, policing bees were on average 25.1 (SD 9.2) days old
(N ¼ 45, range 19e38 days), whereas control nonpolicing bees were
on average 26.0 (SD 8.3) days old (N ¼ 759, range 3e48 days). As
workers of all ages except those younger than 10 days and older
than ca. 40 days engaged in policing, these results show that there
was little evidence for age specialization in policing (Fig. 3a). This
contrasts with most other behaviours in the honeybee, which
usually follow a strict age-linked pattern of division of labour. The
overall age proﬁle of policing bees was perhaps most similar in
proﬁle to that recorded in the literature for bees that patrol the
nest, and which may well have been the term used for cell in-
spection and policing in studies where worker-laid eggs were not
experimentally introduced into the nest, and policing could
therefore not be directly observed (Winston, 1987; Fig. 3b).
DISCUSSION
Worker policing by egg eating is an important means of regu-
lating reproductive conﬂict in social insect colonies. Our behav-
ioural observations and patriline analyses of worker policing
behaviour in the honeybee showed for the ﬁrst time that there was
signiﬁcant genetic specialization in policing, as demonstrated by
the signiﬁcant variation in policing across patrilines and our esti-
mate of a moderate genetic heritability of policing of 0.25. These
results, therefore, conﬁrm that genes coding for worker policing
behaviour would be able to readily spread in populations via the
indirect genetic transmission of copies of these genes through
relatives, as originally envisioned (Ratnieks, 1988; Starr, 1984). The
fact that no single worker egg-laying event was observed also
clearly demonstrates that worker policing is not aimed at obtaining
direct reproductive beneﬁts, unlike what has been observed in
some species (Bonckaert et al., 2011; Saigo & Tsuchida, 2004;
Stroeymeyt et al., 2007; Wenseleers, Badcock et al., 2005). How-
ever, the fact that our heritability estimate was relatively low, and
similar in magnitude to that typically observed for other behav-
ioural traits in honeybees (e.g. hygienic behaviour towards dead
brood: 0.17e0.25; Pernal et al., 2012), shows that worker policing is
probably not controlled by genes of large effect, and that recent
theoretical analyses of worker policing that focused on the evolu-
tion of this trait via genes of large effect (Olejarz, Allen, Veller,
Gadagkar, & Nowak, 2016) are therefore unrealistic. The notion
that worker policing probably evolved through gradual evolution
via the successive invasion of mutations of relatively small effect
also supports inclusive ﬁtness theory, as weak selection is usually
an underlying assumption of most such analyses (Nowak, Tarnita,&
Wilson, 2010; Wenseleers, 2006).
Previously, patriline specialization has been reported for many
other honeybee behaviours (reviewed in Robinson, 1992). It is ex-
pected in response threshold models of division of labour when
different genetically determined thresholds determine the likeli-
hood of performing a given task (Beshers& Fewell, 2001; Lattorff &
Moritz, 2013). However, thresholds are inﬂuencednotonly bygenes,
but also by ontogeny (development), physiology (hormones),
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(Beshers & Fewell, 2001; Duarte et al., 2011; Jeanson &
Weidenmüller, 2014). For instance, learning and self-
reinforcement have been shown to lead to specialization. The
strong evidence we found for individual specialization in worker
policing, whereby only a limited number of individuals carried out
policing behaviourwithin each patriline, suggests that this variation
is driven by such feedbacks.
Finally, we found little evidence for age specialization in policing
behaviour, as workers of nearly all ages, except those younger than
10 days and older than 40 days, engaged in egg policing. This result
was surprising, as for most other behaviours in the honeybee, there
is typically a strongly age-linked pattern of expression (Seeley,
1982; Winston, 1987). That no bees younger than 10 days were
observed policing eggs could be explained by such young bees
being found mostly in the centre of the brood nest where they are
engaged in cleaning cells and brood care (Johnson, 2008; Kolmes,
1986; Seeley & Kolmes, 1991; Seeley, 1982; Winston, 1987), and
by our experimental comb being introduced above the brood nest.
As towhy there was no stronger age specialization there are several
possibilities. One may be that worker policing behaviour could
easily be carried out by other workers of different ages that carry
out other tasks inside the colony while working on the combs for
other reasons, for example to clean cells, receive nectar or pack
pollen, build comb or patrol the nest (Fig. 3b), and that switching to
carrying out policing behaviour could therefore entail only a small
cost for workers of any age (Goldsby et al., 2012; Leighton,
Charbonneau, & Dornhaus, 2016). In our current study, however,
we were unable to test whether workers engaged in policing also
regularly switched to carrying out other tasks or not. Another
possibility is that the age proﬁle of policing bees corresponds to
that for bees that engage in patrolling and cell inspection (Johnson,
2008), which is typically carried out with equal efﬁciency by bees of
different age classes (Fig. 3b).
In general, individual experience can increase the chance of
performing a task (e.g. Chittka & Muller, 2009; Ravary, Lecoutey,
Kaminski, Cha^line, & Jaisson, 2007; Van Wilgenburg, Clemencet,
& Tsutsui, 2010). Thus, bees that have removed an egg might be
more likely to remove another egg. This does not imply that bees
that remove eggs are better at discriminating between queen-laideggs and worker-laid eggs, although it would seem plausible that
learning through increased experience eventually leads to better
and/or faster discrimination. In this study, we introduced a rela-
tively large number of worker-laid eggs (33e69) at a high con-
centration (in fewer than 170 cells). It has been estimated that in a
large bee colony (of 30e40 000 bees), ca. 15e40 worker-laid eggs
per day are deposited (Visscher, 1996); in our observation hives, ca.
3000 bees were present, suggesting that only one to three worker-
laid eggs would be deposited per day, thereby explaining why no
worker egg-laying event was observed. The fact that so few eggs are
laid by workers, and that only few workers seem to be able to
effectively remove nearly all worker-laid eggs, probably explains
why only so few honeybee workers engage in worker policing.
We hope that our workwill inspire further follow-up studies, for
example aimed at characterizing the gene regulatory networks
involved in worker policing behaviour or identifying the egg-
marking signal that allows workers to distinguish between queen-
laid and worker-laid eggs, and which, unlike in wasps (Oi et al.,
2015), remains enigmatic (Martin, Cha^line, Ratnieks,& Jones, 2005).
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